SUMMARY To date the electrophysiological mechanism responsible for aberrant intraventricular conduction of critically timed premature supraventricular impulses has not been documented. Microelectrode techniques were used to measure in vitro action potential and refractory period durations of the canine proximal right and left bundle branches equidistant from the distal bundle of His. Both measurements in the right bundle branch were statistically significantly longer than these parameters of the left bundle branch. Transection of the bundle branches immediately distal to the distalmost recording sites effected no change in the proximal right bundle action potential but caused marked prolongation of proximal left bundle branch action potential and refractory period durations. We conclude that functional right bundle branch aberrancy is most likely due to the longer proximal right bundle action potential duration and refractoriness. Our data also suggest that the shorter proximal left bundle branch action potential durations and refractory periods may be due to the proximity of the low ohmic resistance Purkinje fiber-muscle junctions on the left septal surface, effecting electrotonic foreshortening of these proximal left bundle branch parameters.
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ALTHOUGH aberrancy of intraventricular conduction due to functional right bundle branch block is a well known phenomenon since first described by Sir Thomas Lewis.'- 2 and in spite of the fact that a variety of explanations have been offered for the functional right bundle branch block, the responsible electrophysiological mechanism has not been documented. The purpose of this study was to record the behavior of the left and right bundle branches in vitro in an effort to determine whether electrotonic interactions between the bundle branches and septal muscle might account for the functional differences between the bundle branches.
Methods
Adult mongrel dogs of either sex. weighing 10-15 kg, were anesthetized with secobarbital (30 mg/kg. iv). Their hearts were removed rapidly through a lateral thoracotomy and immersed in cool oxygenated Tyrode's solution. Initial experiments were performed on single bundle branches and their peripheral ramifications. The right bundle branch preparation ( Fig. 1 . lower left) consisted of the right half of the interventricular septum containing the septal portion of the right bundle branch, the major Purkinje false tendon coursing from the lower interventricular septum to the anterior papillary muscle, and a portion of the right ventricular free wall containing most of the peripheral ramifications of the right bundle branch. The left bundle branch preparation ( Fig. 1. right half) included the left half of the interventricular septum containing the common left bundle branch, its anterior, septal. and posterior divisions and their peripheral ramifications, and the anterior and posterior papillary muscles. The thickness of these preparations was approximately 8-10 mm. Either the right or left bundle of a particular dog was used. A total of seven right and seven left bundle branch preparations were studied. The preparation was pinned to the floor of a 60-ml Lucite chamber that was continuously superfused at a rate of 20 ml/min with Tyrode's solution maintained at 37 ± 0.5°C and gassed with 95% O 2 -5% CO 2 basic cycle length of 800 msec, action potential durations, measured at 100% repolarization. were recorded from these sites. Premature extracellular or intracellular stimuli (1.5 times diastolic threshold requirements) were introduced following a train of 10-15 basic stimuli. This maneuver allowed measurement of functional and effective refractory periods, respectively. The dots of Figure 1 indicate the 1-cm and 2-cm recording sites for the individual right bundle branch and left bundle branch preparations. Impalements of the left bundle branch included both major divisions as well as subendocardial Purkinje fibers. Similar measurements were made immediately distal to the 2-cm recording site. At least 1 hour was allowed for "healing over" of the cut ends of the bundle branch fibers. At a constant cycle length of 800 msec, or with intermittent premature stimulation, action potential durations and refractory periods at the 1-cm and 2-cm sites again were measured. Because there was no assurance of impaling the same cells before and after transection we randomly impaled numerous Purkinje cells at these two sites. To measure action potential durations immediately distal to the transection. it was necessary to move the stimulating electrode to a Purkinje fiber distal to the cut edge.
In five experiments we incorporated both bundle branches and a significant portion of their peripheral ramifications en bloc so that action potential durations and refractory periods could be measured simultaneously in both bundle branches, equidistant from their origins. In these studies the interventricular septum and portions of both ventricular free walls were removed, and the septum was split longitudinally from the apex to within 2 mm of the His bundle into right and left halves. The preparation was affixed to the floor of a 1 50-ml chamber in a twodimensional fashion, facilitating simultaneous impalement of both bundle branches equidistant from their origins (Fig. 1) . A bipolar, extracellular stimulating electrode was placed on the exposed distal His bundle. The distal recording site was the length of the subendocardial portion of the right bundle branch measured from the stimulating electrode. This distance was measured and marked on both right and left bundle branches. The proximal recording sites were one-half the distance to the distal marks. As in the previous experiments, action potential durations and refractory periods were measured before and after transection of the bundle branches immediately distal to the distal markers.
Conventional microelectrode techniques were used. Data were recorded on Polaroid film using a Tektronix C59 oscilloscope camera and stored on 1-inch magnetic tape. A stereomicroscope fitted with a graduated eyepiece allowed accurate location of recording microelectrodes. A f-test for two unpaired groups was used to analyze data statistically.
Results Figure 2 (upper panel) summarizes all action potential duration data from both 1-cm and 2-cm recording sites in the right and left bundle branches before transection of the distal bundle branches. Mean action potential durations of the right bundle at 1 cm (336 ± 24 msec) and 2 cm (335 ± 17 msec) were statistically highly significantly longer (P < 0.01) than mean action potential durations of the left bundle branch at 1 cm (291 ± 30 msec) and 2 cm (293 ± 17 msec). After transection of the distal bundle branches (Fig. 2, lower panel) action potential durations of the right bundle branch did not change significantly, whereas left bundle branch action potential durations markedly increased at both recording sites. Indeed, when the peripheral distribution of the left bundle was removed, there was no significant difference (P > 0.05) in action potential duration between right and left bundle branches at either recording site. Refractory period changes paralleled changes in action potential duration in a predictable fashion.
Action potential durations, recorded simultaneously from both bundle branches in continuity, are enumerated in Table 1 . These measurements were obtained before trasection of the distal bundle branches. It is clear that at basic cycle lengths of 500 msec and 800 msec at both proximal and distal recording sites, the left bundle branch action potential durations were significantly shorter than right bundle branch action potential durations. After transection, right bundle branch action potential duration and refractoriness did not change, whereas these parameters of the left bundle branch prolonged to equal the right bundle branch (Fig. 3) .
The resting potential and action potential amplitude of the recorded cells immediately distal to the cuts were unchanged in all experiments following the transections, indicating that trauma as a result of the cut did not affect our results. Discussion A number of theories have been proffered regarding the -electrophysiological mechanism(s) for functional right bundle branch block. Rosenbaum et al. 3 postulated that an early atrial premature systole might be conducted equally slowly in both left and right bundle branches. Because of its longer length, the right bundle branch would require a longer depolarization time, causing sufficient delay of right ventricular activation to produce the QRS aberration of right bundle branch block. Myerburg et al. 4 described a site of maximum action potential duration and refractori- TABLE 
Summary of Right (RBB) and Left (LBB) Bundle Branch Action Potential Durations Recorded Simultaneously from the Split Septum Preparation Prior to Transection
Total action potential duration (msec) Proximal Distal BCL = 500 BCL = 800 BCL = 500 BCL = 800 RBB LBB 303 ± 10 ( 9) 286 ± 21 (10) P < 0.05 327 ± 12 ( 9) 300 ± 19 (10) P < 0.01 305 ± 9 (10) 290 ± 11 (10) P < 0.01 328 ± 14 (10) 304 ± 13 (10) P < 0.01
At both proximal and distal recording sites and at basic cycle length (BCL) of 500 and 800 msec. RBB action potential durations are significantly longer than LBB action potential durations. The mean value of action potential durations ± 1 SD and the number of observations (in parentheses) are listed.
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FIGURE 3 Panel A: disparity of right bundle branch (RBB) (top trace) and left bundle branch (LBB) action potential durations and effective refractory periods prior to transection. Panel B: after transection, the left bundle branch action potential duration and effective refractory period prolong to approach those values of the right bundle branch that do not change from control (panel A). Recordings are from the distal recording site, just proximal to the site of transection. Effective refractory periods were measured by intracellular stimulation of the impaled cells. During measurement of one bundle branch effective refractory period the voltage recording of the contralateral bundle branch was not displayed. Calibrations: horizontal = 50 msec; vertical = 25 mV.
ness of Purkinje fibers located 2-3 mm proximal to Purkinje fiber-muscle junctions. In a majority of instances they found that action potential duration and refractoriness were longer in the peripheral distribution of the right bundle branch than the left. They suggested that functional block of the right bundle branch might occur at these peripheral sites.
Other investigators, however, have indicated that the site of functional right bundle branch block is located in the more proximal portion of the right bundle branch. Moe et al. 5 reported, indirect evidence that the block occurred within the main right bundle, proximal to its peripheral ramifications. Damato et al.. 6 studying human subjects with an electrode catheter, recorded extracellular electrograms from the most proximal portion of the right bundle branch. During atrial premature stimulation resulting in functional right bundle branch block, the right bundle branch electrograms disappeared, indicating functional block in the proximal right bundle. Likewise. Rosen et al. 7 concluded that, during normal intrgventricular conduction, the proximal bundle branches are activated virtually simultaneously and that the site of functional right bundle branch block in humans is at or near the His bundle-right bundle branch junction. More recently Zipes et al. . 8 recording directly from the main false tendon of the canine right bundle branch (proximal to the peripheral "gates"), demonstrated that functional right bundle branch block occurred between the bundle of His and their false tendon recording site.
Recent microelectrode studies 9 demonstrate that, following eccentric stimulation of single proximal His bundle cells, transverse activation of the His bundle is rapid, and longitudinal transmission occurs as a single uniformly advancing wavefront. Thus preferential intra-His conduction 10 is a less likely mechanism for functional right bundle branch block.
Our data afford an explanation for functional right bundle branch block that is consistent with known clinical and experimental features of this phenomenon. The study indicates that the action potential duration of the proximal right bundle branch is significantly longer than that of the left bundle branch. An appropriately timed atrial premature systole arriving at the bifurcation of the His bundle engages a refractory proximal right bundle branch and a receptive left bundle branch. The voltage-dependence of excitability and refractoriness in normal cardiac Purkinje fibers is well recognized." Our data also indicate that the integrity of the more peripheral ramifications of the left bundle branch is required to effect the shorter proximal left bundle branch action potential duration and refractory period and thus the difference between the action potential durations and refractory periods of the two bundle branches. This is clearly demonstrated by the observation that removal of the distal parts of the left bundle branch and. thus, a majority of Purkinje fiber-muscle junctions, prolongs proximal left bundle branch action potential duration and refractoriness comparable to those obtained for the proximal right bundle branch. It is proposed that the prolongation of left bundle branch action potential duration and refractoriness is due to loss of electrotonic effect of septal muscle on the left bundle at the level of the Purkinje fiber-muscle junctions. We hasten to add that the evidence cited below in support of this possible mechanism is indirect.
Contained within the peripheral ramifications of the bundle branches are the Purkinje fiber-muscle junctions, sites of low ohmic resistance 12 affording egress of electrical activity from Purkinje fiber to muscle. Because of the low resistive nature of these junctions, there is a continuously graded foreshortening of Purkinje fiber action potential duration and refractoriness, the longer durations being recorded from anatomically more proximal Purkinje fibers. 13 On the right side, these junctions are relatively remote from the proximal right bundle branch 14 and would be expected to exert little electrotonic influence on proximal right bundle action potential duration. Indeed, right bundle branch action potential duration and refractoriness did not change when the distal right bundle was transected. Purkinje fiber-muscle junctions of the left bundle branch, however, are located nearer the proximal left bundle branch.
14 and removal of the distal left bundle branch containing Purkinje fiber-muscle junctions caused marked prolongation of proximal left bundle branch action potential duration and refractoriness.
In the present study we did not attempt to locate and enumerate Purkinje fiber-muscle junctions and then estimate the extent of DC coupling between the cells. Mendez et al. 12 demonstrated that electrotonic interactions occur across these junctions, and these authors also indicated the great difficulties attending the systematic exploration of Purkinje fiber-muscle junctions. Therefore the functional differences between the proximal bundle branches reported in the present study may be due to another mechanism. For example, the sequence of left ventricular septal muscle activation reported by Myerburg et al. 14 indicates that significant septal muscle depolarization does not occur until the distal two-thirds of the left specialized conducting system has been activated. This circumstance suggests either that few. if any. Purkinje fiber-muscle junctions exist in the basal portion of the left interventricular septum, or that egress to muscle across existing proximal junctions is normally retarded by some unknown mechanism (perhaps an inherently higher ohmic resistance junction). There are no direct data to date that might confirm or dispute the latter possibility. Mitigating the former instance is the work of Myerburg et al..
14 indicating that physiological isolation of the proximal left bundle branch from adjacent septal muscle was certain only when the common left bundle branch and the most proximal portions of the divisions were included in the tissue bloc. They also reported areas of early muscle excitation in the basal portion of the left interventricular septum. In the present study the control measurements of left bundle branch action potential duration and refractoriness were recorded in preparations in which impulse transmission from Purkinje system to ventricular muscle occurred, although the sequence of muscle activation was not examined systematically. After transection the activation sequence of the proximal left bundle branch was unchanged, and activation of septal muscle was infrequent and inconstant, although again detailed mapping of muscle activation was not performed. Thus we prefer the hypothesis that most of the electrotonic interaction across Purkinje fiber-muscle junctions at this level was interrupted by the transection. resulting in a net prolongation of proximal left bundle branch action potential duration and refractoriness. Conversely, in the control state, we speculate that these junctions, because of their proximity to the proximal left bundle and because of their low ohmic resistance, permit electrotonic interactions between septal muscle and proximal left bundle, resulting in foreshortening of proximal left bundle branch action potential duration and refractoriness.
